Abstract OBJECTIVE-Our objective was to examine the associations of total and trimester-specific gestational weight gain (GWG) rate with postpartum maternal weight and cardiometabolic risk. We hypothesized the first trimester GWG would be most strongly associated with long-term maternal health.
INTRODUCTION
An estimated 40% of normal weight women and 60% of overweight women exceed Institute of Medicine (IOM) recommendations for gestational weight gain (GWG). 1 Excess GWG is associated with greater short-term postpartum weight retention and adverse cardiometabolic outcomes for both mother and child, including increased risk of obesity, central adiposity, and higher systolic blood pressure. [2] [3] [4] [5] [6] [7] [8] Clinicians and researchers typically focus on total GWG. 9 However, weight gained across specific intervals of pregnancy has differential contributions to maternal, placental, and fetal growth. Greater early GWG is associated with higher risk of pregnancy complications, including hypertensive disorders of pregnancy, 10 gestational diabetes, 11, 12 and postpartum weight retention, 13 independent of body mass index (BMI) entering pregnancy. To our knowledge only one study has examined GWG timing with respect to longer-term maternal outcomes. 5 In that analysis, mid-pregnancy GWG (19-28 weeks) was more strongly related to adiposity and blood pressure at 16 years postpartum, but only among normal weight women. 5 However, in that UK cohort recruited 1991-2, both maternal BMI (mean 22.5 kg/m 2 ) and GWG (mean 12.6 kg) were substantially lower than is common in the US today, and obese women were not studied separately. Categorizing by pre-pregnancy BMI is both practically important given that current IOM guidelines 14 stratify by pre-pregnancy weight status, and physiologically important given known differences in gestational metabolism between normal weight and obese women. 15 In the present study, we hypothesized that first trimester GWG would be most strongly associated with long-term maternal cardio-metabolic health measures, including overall and central adiposity, SBP, and insulin resistance at 3 and 7 years postpartum.
MATERIALS AND METHODS

Study population
We studied participants from Project Viva, a prospective pre-birth cohort of women enrolled 1999-2002 from Harvard Vanguard Medical Associates, a multispecialty practice in eastern Massachusetts.. 16 All women provided written informed consent at each visit and the Harvard Pilgrim Health Care Institutional Review Board approved this study.
Of 2,128 mothers who delivered a live singleton infant, we conducted in-person visits with 1287 at 3 years postpartum (median 3.2 years, range 2.8 to 6.2) and 1107 at 7 years postpartum (median 7.7 years, range 6.6 to 10.9). We excluded from this analysis women who were underweight entering pregnancy (BMI <18.5 kg/m 2 ) because of insufficient sample size for stratified analysis, or who had an intervening pregnancy after the index delivery, which might affect outcomes, which left 741 eligible participants in the 3-year analysis and 525 women in the 7-year analysis. The 801 women total (some women were included at both visits) were similar to those excluded although the analyzed cohort was slightly older (mean age 34 vs. 31 years), had higher pre-pregnancy BMI (~1.2 kg/m 2 ), and accordingly gained less total weight during pregnancy (0.9 kg).
Exposure: total and trimester-specific GWG rate
Women reported their pre-pregnancy weight at study enrollment. We obtained serial clinical weights from prenatal records, with a median of 13 (3 to 28) repeated measurements per woman. We calculated total GWG rate as the difference between the last clinically measured weight (within 4 weeks prior to delivery) and self-reported pre-pregnancy weight divided by gestation length in weeks. Since literature varies for specific periods of GWG, 5, 17 we took a data-driven approach to identify population-specific cut-off points that demarcate significant differences in GWG rate throughout pregnancy. Using methods described by Fraser et al., 5 we identified linear slope changes at 15 and 28 weeks gestational age. However, these time points were not substantially superior to those used for trimester cut-offs, so we proceeded with more clinically-relevant trimesters. We defined first trimester as the date of last menstrual period to day 91, second trimester as day 91 to day 182, and third trimester day 182 to the date of delivery. We performed linear interpolation between the two closest weight measures to estimate weight at day 91 and day 182 and calculated trimesterspecific GWG rates (kg/week) for each period.
Postpartum health outcomes
During in-person 3-year postpartum visits, trained research assistants (RAs) measured women's weight to the nearest 0.1 kg using an electronic scale (model 881; Seca Corp., Hanover, MD); waist circumference (WC) to the nearest 1 mm using a non-stretchable measuring tape; and SBP 5 times, 1 minute apart, with a Dinamap (Critikon, Inc., Tampa, FL) Pro 100. Phlebotomists collected blood specimens, which were processed within 24 hours. We assayed glucose and insulin from plasma only from women who were fasting at least 12 hours at the time of the visit (n = 181); we did not require that all women attend the visit in a fasted state. We used the homeostasis model to estimate insulin resistance from these samples: HOMA-IR=(fasting insulin [µU/mL]×fasting glucose [mmol/L]/22.5). At the 7-year visit, RAs again measured weight (Tanita scale model TBF-300A, Tanita Corporation of America, Inc., Arlington Heights, IL) and WC, but not blood pressure and did not collect blood, as we did not have funding at this visit to assess maternal outcomes. We calculated postpartum weight change as the difference between weight at each time point (3 or 7 years postpartum) and pre-pregnancy weight.
Assessment of covariates
At enrollment and the mid-pregnancy visit, women completed questionnaires and interviews inquiring about race, ethnicity, education, parity, lifestyle characteristics including smoking habits, diet, and physical activity. 16 We calculated pre-pregnancy BMI using self-reported pre-pregnancy weight and height. Medical records provided prenatal glucose tolerance status, 18 delivery date, and infant sex. Mothers reported breastfeeding duration in postpartum questionnaires.
Data analysis
First, in bivariate analyses, we evaluated the distributions of total weight gain rate and gain in each trimester across categories of sociodemographic, anthropometric, perinatal, and lifestyle characteristics to identify potential confounders of the association of GWG rate with postpartum outcomes. We assessed their significance using the Wald chi-square test for categorical variables and a test for linear trend for ordinal variables.
Next, we examined the relations of total and trimester-specific weight gain rate with change in weight and WC by 3 and 7 years postpartum using multivariable linear regression models. We conducted separate analyses for normal weight (BMI 18.5-24.9 kg/m 2 ), overweight (BMI 25.0-29.9 kg/m 2 ), and obese (BMI ≥30 kg/m 2 ) women in light of evidence of an interaction (P-interaction < 0.05) between pre-pregnancy weight status and GWG rate for the anthropometric outcomes. We quantified the difference and 95% confidence interval (CI) in each postpartum outcome according to quintiles of total and trimester-specific GWG rate. Because the associations were generally linear and monotonic, we opted to examine GWG rate continuously, scaled to a 1 standard deviation (SD) increment to optimize power. In our base model (Model 1), we accounted for confounders including age, race, education, pre-pregnancy BMI, parity and partner's BMI. We adjusted for GWG rate in the previous period(s) when second or third trimester GWG rate was the exposure of interest. Unadjusted results are not presented since they were not notably different from base model results. We then additionally adjusted for pregnancy smoking habits, gestational glucose tolerance, child's sex, and breastfeeding duration (Model 2). Covariate selection was based on bivariate associations and a priori knowledge of GWG predictors. All models met assumptions for linear regression.
For cardiometabolic outcomes (SBP and HOMA-IR) at 3 years postpartum, we examined associations among all women because associations did not differ by pre-pregnancy weight status (P-interaction>0.10 for all models). We accounted for the same set of covariates as described above for Model 1 and 2, but we also included a third model (Model 3) that accounted for current adiposity (BMI at 3 years postpartum). In models for HOMA-IR, we excluded women with type I and type II diabetes, or gestational diabetes mellitus (GDM) which can influence both patterns of weight gain 11 and postpartum hyperglycemia. 19, 20 Adjustment for physical activity before pregnancy, and adherence to the prudent or Western dietary patterns 21 during early pregnancy did not change results so they were not included in the final models. We conducted sensitivity analyses excluding preterm births (gestational age <37 weeks; n = 56) and women with preeclampsia (n = 26) and observed no substantial differences in our findings.
Some subjects were missing covariate information (Supplemental Table 1 ), so we used chained equations in SAS PROC MI to impute values for these covariates. 22 To avoid incorrect imputations, all Project Viva subjects were used in generating imputed values. We generated 50 imputed datasets and our reported results combine the estimates across the results. 23 We included only participants with observed, non-imputed outcomes. The results from analyses using imputed data were not materially different from those using original data (data not shown). All analyses were performed using SAS software (version 9.3; SAS Institute Inc., Cary, NC).
RESULTS
Median age at enrollment was 34.0 years (range: 16.4, 44.9) and 65.4% of women were white. Mean (SD) total GWG was 15.0 (5.6) kg over 39.4 (1.9) weeks gestation, or an average gain of 0.38 (0.14) kg/week throughout pregnancy. Women gained weight at faster rates during the second (6.1 [2.5] 14 for the second and third trimesters ( Table 1) .
Associations of GWG rate with sociodemographic and behavioral characteristics differed by trimester (Table 2 ). Second and third trimester GWG rate varied with many sociodemographic characteristics including maternal age (third trimester), marital status and race/ethnicity (second trimester), education and household income (both). In contrast, first trimester GWG rate did not vary with these characteristics, but was associated with behaviors including smoking, pre-pregnancy physical activity, and diet pattern. GWG rate varied across pre-pregnancy BMI categories for second and third trimester gain, but not for first trimester gain.
In adjusted regression models, the rate of first trimester GWG was more strongly associated with postpartum weight change and WC than rate of gain in either of the other two trimesters, regardless of pre-pregnancy weight status (Figure 1) . Results for second and third trimester gain were similar even without adjustment for weight gain in the previous period(s) (data not shown). Associations of total GWG rate with both weight change and WC followed similar trends to those of the first trimester, more so than the second and third trimesters at both 3 and 7 years postpartum (Figure 1 ). Additional adjustment for smoking, gestational glucose tolerance, offspring sex, and breastfeeding duration did not attenuate associations (Supplemental Tables 2 and 3) . Table 3 ).
The differences in associations of early GWG with maternal outcomes between normal, overweight, and obese became more apparent at 7 years postpartum. Among normal weight women, GWG in all trimesters was associated with weight change and WC, although the relation was strongest for first trimester rate of gain (Supplemental Tables 2 and 3 ). In overweight women only first trimester gain was associated with weight change, but in obese women, second trimester GWG was most strongly associated.
After accounting for confounders, first trimester GWG was directly related to SBP (1.48 [0.69, 2.27] mmHg per 0.22 kg/wk), but not second or third trimester GWG (Table 3) . The association between total GWG and SBP (0.93 [0.10, 1.76] mmHg per 0.14 kg/wk) persisted after accounting for potential mediating characteristics during the peripartum period (Table  3 Model 2), but was attenuated to null after accounting for BMI at 3 years, whereas first trimester GWG remained associated with 3-year postpartum SBP in all models. Neither total nor trimester-specific GWG rate was related to HOMA-IR at 3 years postpartum among the smaller subset of women who provided fasting blood samples.
Among 343 Project Viva mothers who had weight recorded in the medical record in the 3 months before their last menstrual period, mean underreporting of self-reported prepregnancy weight was ~1 kg, but the correlation between self-reported and clinically measured weight was very high (r=0.997) and underreporting was non-differential with respect to pre-pregnancy BMI, gestational age at enrollment, and race/ethnicity. We evaluated the potential impact of underreporting pre-pregnancy weight by examining the relations of first trimester weight gain with outcomes after adding 1 kg to the self-reported values. Using the corrected values attenuated the magnitude of associations by about 1/3, but did not change the overall trends or significance of first trimester or total GWG rate (data not shown).
DISCUSSION
Our finding that first trimester weight gain was most strongly associated with postpartum maternal cardio-metabolic outcomes has a likely mechanistic explanation, as weight gain early in pregnancy primarily represents maternal fat deposition rather than fetal or placental tissue or fluid gain. 11, 14, 24, 25 Excess fat has been hypothesized to predispose women to perinatal insulin resistance, and this risk may extend to the postpartum period. 25 While other studies have shown that excess early GWG is independently associated with greater postpartum weight retention in women as early as 6 weeks after delivery, 5,13 our findings demonstrate these relationships persist for at least 7 years.
The direct relationship between first trimester GWG and postpartum weight retention was strongest among normal weight women by 7 years postpartum, whereas at 3 years postpartum the association was strongest among obese women. Fraser et al. 5 observed that greater mid-pregnancy GWG (19-28 weeks) was associated with higher central adiposity and blood pressure among normal weight women at 16 years postpartum. The consistent observation between our results and the Fraser et al. study that normal weight women are most sensitive to higher GWG has a physiological basis. In early pregnancy, there is an increase in insulin sensitivity facilitating greater lipogenesis and fat storage in anticipation of future placental and fetal needs. 15 Normal weight women often experience a larger increase in fat stores during pregnancy than obese women, who are already more insulin resistant at baseline. 15, 26 Therefore, normal weight women are at the greatest risk to accumulate fat with excess early gestational weight gain. Furthermore, the weight that obese women gain is more likely fluid and non-fat tissue, which may be easier to lose following delivery. 1, 27, 28 We also found that a greater first trimester GWG rate was related to higher SBP at 3 years postpartum. While this finding is supported by the ALSPAC data, 5 another study of 478 women from Pittsburgh reported no association between total GWG and SBP at 8 years postpartum, 6 perhaps because total GWG incorporates both early GWG, which was directly related to SBP, as well as later GWG, which was not. In our study, GWG rate was not related to HOMA-IR, perhaps because of the relatively short postpartum follow-up period that may fail to capture the natural time course of developing insulin resistance, or the smaller sample size for this outcome.
Interestingly, sociodemographic characteristics were not associated with first trimester GWG. Instead, the rate of early GWG was only related to maternal behaviors such as smoking, greater pre-pregnancy physical activity, and prudent diet. Although smoking status is a widely recognized contributor to metabolic dysfunction, our results regarding prepregnancy physical activity and diet are counterintuitive: adherence to a prudent diet and greater pre-pregnancy physical activity were associated with greater early GWG rate. It may be that women who exercise more and eat a healthier diet are also more insulin sensitive, leading to easier weight gain. Nevertheless, our results broadly suggest early GWG is more strongly influenced by modifiable behaviors rather than immutable characteristics, raising the possibility that interventions commencing before or very early in pregnancy might be more successful in influencing early GWG and thereby have a long-lasting impact on maternal health.
COMMENT
In this study of reproductive-aged women with prospectively collected information on perinatal characteristics, research-quality measures of anthropometry and cardiometabolic biomarkers at 3 and 7 years postpartum, and rich data on potential confounders and mediators, we found differential associations of trimester-specific weight gain rate with long-term maternal health. Specifically, higher rates of weight gain during the first trimester were consistently related to greater maternal adiposity and higher SBP, whereas weight gain in the other trimesters was not associated with these postpartum outcomes.
This study has several limitations. First, pre-pregnancy BMI was based on self-reported weight and may suffer reporting bias. However, self-reported and clinically measured prepregnancy weights were highly correlated and the magnitude of underreporting was not associated with key characteristics, including pre-pregnancy weight status. Any remaining bias is likely non-differential. Also, our sensitivity analysis adding 1 kg to pre-pregnancy weight showed similar results. Second, we cannot rule out the possibility that GWG rate, especially during the first trimester, are driven by weight gain patterns and fat distribution prior to pregnancy. Third, as with all cohort studies, attrition bias may be an issue. In this study, many baseline characteristics were similar between participants included in the study and those lost to follow-up. Fourth, we restricted the sample to women without intervening pregnancies who, in addition to being older, may be inherently different from their counterparts in immeasurable ways; thus, limiting generalizability of our findings to all reproductive-aged women. Finally, we were unable to examine associations in underweight women due to insufficient sample size, and numbers with the HOMA outcome were small, limiting power for those models.
In conclusion, greater rate of GWG during early pregnancy corresponded with greater postpartum weight change, WC, and SBP. While additional work is required to evaluate the potential impact of moderating early GWG on long-term health, including child health, our findings suggest a potential role for targeted interventions that emphasize healthy weight gain in early pregnancy. Adjusted associations of trimester-specific GWG rates (1 st trimester: per 0.22 kg/week) with postpartum weight change and waist circumference. All associations represent are adjusted for mother's age, parity, race, education, pre-pregnancy BMI, and partner's BMI (Model 1). Estimates for 2nd and 3rd trimester GWG are also adjusted for GWG rate from previous trimester(s). Table 2 Rates of total and trimester-specific gestational weight gain (GWG) according to characteristics of 801 Project Viva mothers 
